The authors report on the metal-organic chemical vapor deposition growth, fabrication, and characterization of high performance solar-blind avalanche photodetectors and the experimental evaluation of the impact ionization coefficients that are obtained from the photomultiplication data. A Schottky barrier, suitable for back and front illuminations, is used to determine the impact ionization coefficients of electrons and holes in an AlGaN based avalanche photodiode. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2385216͔ AlGaN based ultraviolet ͑UV͒ photodetectors with cutoff wavelengths smaller than 280 nm have proved their potential for solar-blind detection. They can be used in a number of civil and military applications such as missile warning and tracking systems, secure UV optical communication systems for space-to-space communication, ozone layer monitoring, biological agent, and gas detection. Due to their high responsivity ͑Ͼ600 A / W͒, high speed, and low dark current properties, photomultiplier tubes ͑PMTs͒ are frequently used for such applications. However, they are expensive, bulky, and require high operation voltages ͑usually Ͼ1 kV͒. In order to achieve solar-blind detection, PMTs should be integrated with complex and expensive filters. So, there is a certain need for high performance solid-state UV photodetectors that can be used to replace PMTs.
1 GaN ͑Refs. 2-8͒ and AlGaN ͑Refs. 9 and 10͒ based avalanche photodetectors ͑APDs͒ are suitable candidates for this purpose. In order to design a good GaN / AlGaN based APD, it is essential to know the electron and hole impact ionization coefficients over a wide range of E fields. In the literature there are theoretical works that report the impact ionization ͑II͒ coefficients in GaN / AlGaN, [11] [12] [13] and only one experimental work reports the evaluation of II coefficients in GaN.
14 However, there is no reported experimental work on the evaluation of II coefficients in AlGaN. In this letter, we report the experimental values of the II coefficients in Al 0.4 Ga 0.6 N APDs.
The epitaxial structure of the avalanche photodetector is designed for back and front illuminations. In order to observe the avalanche effect, devices with low leakage and high breakdown are needed. The Al 0.4 Ga 0.6 N absorption layer was used as a multiplication layer with c = 276 nm. The Al x Ga 1−x N epitaxial layers of our Schottky photodiode wafer were grown on a 2 in. double-side polished ͑0001͒ sapphire substrate using a metal-organic chemical vapor deposition ͑MOCVD͒ system that is located at Bilkent University Nanotechnology Research Center. A thin AlN nucleation layer was deposited first, and subsequently a 0.3 m thick AlN buffer layer was deposited. Thereafter, a highly doped ͑n + = 1. The samples were fabricated by using a five-step microwave-compatible fabrication process in a class-100 clean room environment. [15] [16] [17] The dry etching was achieved via reactive ion etching ͑RIE͒ under CCl 2 F 2 plasma, a 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ gas flow rate, and 200 W rf power. The etch rates for Al 0.4 Ga 0.6 N layers were 200 Å / min. The first mesa structures of the devices were formed via a RIE process, by etching all of the layers ͑Ͼ0.8 m͒ down to the sapphire layer for better isolation. After an Ohmic etch of ϳ0.3 m, Ti/ Al ͑100 Å / 1000 Å͒ contacts were deposited via thermal evaporation and left in an acetone solution for the lift-off process. The contacts were annealed at 700°C for 60 s in a rapid thermal annealing system. The Schottky surface treatment was made with a diluted HCl solution. An ϳ100 Å thick Au film was evaporated in order to form Au/ AlGaN Schottky contacts. Then, a 200 nm thick Si 3 N 4 was deposited via plasma enhanced chemical vapor deposition for passivation. Finally, ϳ0.25 m thick Ti/ Au interconnect metal was deposited and lifted off to connect the Schottky layers to the coplanar waveguide transmission line pads.
The resultant devices had breakdown voltages higher than 60 V. To obtain better isolation, we etched down to the sapphire substrate, which enabled us to obtain low leakage current. The dark current for a 40 m diameter device at 60 V was on the order of 1 nA. Figure 1 shows the dark current measurement with a low-level ͑on the order of femtoamperes͒ measurement setup. For reverse bias values below 15 V, the measured dark current was limited by the experimental setup and was approximately a few femtoamperes. The low dark current values proved the high growth quality of the AlGaN wafer with low dislocation densities. Hall measurements of the MOCVD grown samples showed that the active AlGaN layer had a Si doping concentration N d = 1.45ϫ 10 17 cm −3 . Meanwhile, the Ohmic AlGaN layer had a Si doping concentration N d = 1.08ϫ 10 18 cm −3 . Schottky barrier height of the fabricated photodetectors was calculated as 0.96 V by using the forward bias I-V data measured with a Keithley electrometer. To calculate the electric fields and depletion widths in the diode, we used one sided abrupt junction approximation.
18 Figure 2 shows the quantum efficiency measurements of 150 m diameter devices at 25 V. Under a 25 V reverse bias voltage, the device had a maximum quantum efficiency of 48% at 282 nm and of 10.64% at 290 nm with front and back illuminations, respectively. As can be seen in Fig. 2 , the devices are responsive to photons with energies higher than 4.4 eV which qualified them to be solar blind. According to the quantum efficiency data, the photocurrent does not significantly increase after 20 V. Therefore, we set the unity gain at 20 V. We also had to adjust the light source intensity for front and back illuminated photomultiplication measurements. We used the Schottky barrier diode to achieve pure electron injection when illuminated on the Schottky metal side with photon energy higher than the Schottky barrier height ͑290 nm͒ and pure hole injection when illuminated on the sapphire side with energy higher than the band gap.
19 Figure 3 shows the reverse bias voltage dependence of the electron and hole multiplication factors, M n and M p . The multiplication factors are the ratios of the multiplied photocurrents to the primary photocurrents injected. The impact ionization coefficients ͑Fig. 4͒ can be found from the multiplication factor data using the following formulation: [20] [21] [22] 
where E m is the electric field near the Schottky contact metal for a certain applied bias voltage, and E͑d͒ is the electric field at the n − -n + junction. E͑x͒ is the electric field at depth x from the Schottky metal and n − layer interface, and V is the applied bias voltage across the device. Figure 4 shows the impact ionization coefficient data that were extracted from the multiplication factor data M n and M p . According to our calculations, ␣ is larger than ␤ for the range of electric field 0.78Ͻ E Ͻ 1.88 MV/ cm. The ratio of ␣ to ␤ decreases as the electric field increases. The impact ionization coefficients can be fitted into an exponential form,
where A e = 0.6ϫ 10 6 cm −1 , B e = 3. significantly lower than our experimental impact ionization coefficients. We explain this discrepancy due to the lattice defects in the AlGaN layers ͑which cause microplasmas͒ and the nonuniform E-field distribution which were not considered in the theoretical simulations of Ref. 13 . In summary, we present the MOCVD growth, fabrication, and characterization of AlGaN based solar-blind APDs. The impact ionization coefficients for electrons and holes were evaluated from the photomultiplication measurements. Over the electric field range, 0.77 MV/ cmϽ E Ͻ 1.88 MV/ cm, ␣ is found to be larger than ␤. 
